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SUMMARY transverse stability of ¢the coasting beam
seems to be wvery good with long lifetimes
Early machine experiments on the even on potentially strong resonances.
TeVatron which are relevant to the S5C are Longitudinal dilution seems to octur rapidly.
discussed, Despite the preliminary nature of however;, indicating noise problems in the low

the data. there have been some interesting level rf system.

observations which may influence
of the S8C. In pavticular,
measured bhetatron tunes.

the design
comparisons of
chromaticities, and

resgnance line widths with those predictad
from computer simulations wusing magnetic
field measurements have been made; the
predictablity for low order phenomena seems

acceptable. Coasting beam studies indicate
long lifetimes and lack of strong resonance
driving terms. Low enevrgy studies of beam
behavior indicate that a dynamic range of a
factor of 15 from injection +to operation

enerqy should be possible.

INT UECTION

Status of the Tevatron

In the following discussion, Tevatron is

used in the generic senss. Doubler. EDI/S,
Saver: Tev I, Tev 1[I. and Collider are
considered operating modes aof the Tevatron.
Fixed Target

The primary purpose of the Tevatron for
the present and the next two years is to
provide beams for fixed target physics. As a
consequence, virtuvally all machine studies
have been directed toward the goals relevant
to extraction and high intensity fixed target
physics, The present situation is that low
intensity beams have been accelerated to 700
GeV and extraction to experimental areas has
been accomplished up to 312 GeV., Tha presant
operating mode is at 400 GeV. abaout 10##(3
ppp., 15 s flat—top. with a 39 35 cycle. /ref 1/

Some data from the commissioning of the
fixed target program are particularly
relevant to the S5C, even if the S53C is not
used for fixsd target physics. These data are
mastly to answer the question "How
predictable is/was the Tevatron ?"

What will be
comparisons of Magnet
data /Tetf a2/ on individual magnet
measurements with the corresponding data
extracted from measurements of circulating
bwam behavior. This includes the <al>, <bid,
and <b2> magnetic multipole moments and the
width of the 1/2-integer stop-band.

presented here
Test Facility

are
(MTF)

ider
In 1983 there were three sessions of
coasting beam studies. These were diTected

towards the development of storage techniques
and to get a first look at the Tevatran as a
callider. Indeed. the techniques were quickly
implemented and the initial coasting beam
studies at 400 GeV were vary encouraging. The

Machine Studies

In 1983 there were
spssions devoted to the
superconducting magnets. These studies are
particularly relevant for HWERA, which will
have an injection energy of A0 GeV and a top
energy of B20 GeV. more than a factor of 20
higher. As well., the magnets and lattice are
similar to the Tevatron design.

two machine study
dynamic range of

For the S58C to aperate between §{ and 20
TeV¥ implies that the Tevatron should
certainly have a reasonably good field
aperture from 50 GeV to | TeV. Details of S55C
magnet construction such as bore diameter and
¢ilament sire as well as lattice design make
the measurements described here more or less

relegvant.

For these studies the beam w_s injected
inta the Tevatron at the normal 130 GaV Main
Ring energy and then decelerated. This
technique nas several advantages over trying
to inject divectly at SO GeV. Fipst, it isn’t
necessary to change anything in the Main Ring
itself or to the MR ts Tevatron Eransfer
system. Second, by starting from a known set
af oaperating conditions the beam can be
decelerated in a more controlled fashion in
small steps, if necessary. The ma jor
disadvantage of the deceleration technique is

that it is necessary to wunderstand the
hystereais af the Tevatron magnets.
MAGNETIC MULTIPOLES
The wmultipole moments of the dipole
magnets are defined by:
00 n
B + iB =B 2 b+ ia j(x + iy) .
¥ x o n=0 n n

where the pole number is given by 2(n+i},

The average of the MTF measurements of
the 774 dipoles subsequently installed in the
ring are used in the following discussion.
And, although detailed measurements on each
magnet are available up through 30~pole. only
the very lowest terms have been investigated
This is mostly due to lack of time. However.
it might be noted that the only zero harmonic
correction element strings which have been
powsred f(and needed) are the 2 quadrupole,
the 2 sextupole, the skew quad. and the 2
octupaole circuits. Thus it will be more
difficult to investigate the higher terms of
the multipole expansion.
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the average guadrypole, <hi>

One o# the the first
commissioning of the

surprises in the
machine was that the

could be due to some rotated quadrupoles in
the rting. Nevertheless. there are two rather
interesting features worth noting

horizontal and vertical tunes were measured +1 . T
to be 19 .6 and 19. 2, respectively, instead of | i
the predicted 19.4 in esach plane. This is now ; i
understood as an error in the physical : |
curvature of the magnets themselves. ot ““F-

After assembly, the dipoles were bent to . f
have 8 mr of curvature. Subsequent relaxation by d ] . |
effectively changes the coordinate systems f.a .o l ; X 5
defined by the MTF relative to what the beam =~ i I" B A e T
actually sees. And, as it turns aout, a change Y : : t i i ; !
of 1 mm in the sagitta will cause an iy ! : ! I ! :
effective change of L. E-4/inch of <bil> due to < i | : i ; ;

a "feed-down" from the <bh2> term. &‘7--*1- —b— = b ,{_ A
- : : A

Fig. ! shows the average quadrupole <bi> = ! ! ! : } ;
as measured by MTF compared to the values A~ : ; | 1 j E
needed to predict the beam behavier. The O g RS TR A
points on the curves correspond to where the i r : } ! i
measurements were actually made. : 4 ; f I ! :
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Figure 1. Average quadrupole <bl> vs Energy. The units :
are 1 E-4/inch and GeV, respectively The uppsr curve E]
13 from beam measurements of betatran tunes, the lower -8
curve from MTF data, !
|
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the average sextupgile, <b2> » ™ M 130 208 S0 208 399 «ee 4B Bee
Cuorgysbey

Fig. 2 compares <b2> from the MTF Fi . .

. gurs 3. Sk d tat . s
measl._n-ements un.th_ _the valpes negeded to 3.1:... 150 a.:w.::.ar;::h: ;::c::hE:::g: qI:;x::luu
predict the chromaticity behavior of the beam reported later.
at several energies. For reference. a change
af 1. E-4/inch#%2 of <b2> Toughly corresponds
to 20 units of natural chromaticity, The first is the non-linearity of the
d@/¢(dp/p). In order to derive a consistent current vE energy of the skew quad
set of data it was necessary to assume an correction. This might be due to something
offset of about 0.5 amps in the two sextupole Totating with excitation or perhaps some
correction elemant strings. This could be due systematic closed orbit distortion coupled
to persistent currents in the correction with feed-down from a  higher multipole
elements themselves or a simple read-back mament. Iin any event, the phenomena are
error. Teproduceable and small enough to be easily

corrected with the available circuit (15 amps
the average skew guadrupale, <ail> aut of S50 amps maximum).

Fig. 3 shows the current in the skew The second is an observation made during
quad correction element circuit needed to deceleration studies that there is a rather
Teduce the horizontal-vertical betatron large hysteresis effect. This is sesn for the
coupling as a function of beam energy. The values less than 150 GeV. This ocbservation
amplitude is several times larger than probably argues for the feed-down explanation
predicted by the MTF valuss for <al>. This of the aeiscrepancy between measured and



predicted <al>,

betatron resonance driving terms

In the course of setting wup ¢the /2
integer extractian for fixed target apevation

the width of the horizontal 1/2 integer
stopband was measured to be 0. 007
Subsequently, using the MTF data and the

dipoles in the ring.
tracking studies /ref 3/ have opredicted the
horizontal line width te be ©.00&6  The
vertical width, as yet unmeasured. is
predicted to be 0.003.

positions of the

STQRAGE STUDIES

The goal of the 3 storage sessions was
to develop the technigues for studying the
beam in this mode. Once the wvarious beam
aborts peculiar to fixed target operation had

been disabled and the extraction devices
turned off, there was no difficulty in
storing the beam at 400 GeV. In fact: the

major difficulty was to cheerve beam loss.

The beam intensity and loss monitoring
systems of the Tevatron were designed
primarily for the initial commissioning of
the machine for fixed target physics. Losses
for low intensity beams with lifetimes of
tens of hours need more sensitive detectors
Some results were seen using a pair of I
sqguate meter scintillation counter hodoscopes
in the BO interaction pit next to the beam
pipe. During the langest store (3h 47m, ended
cut of boredom), the counting rates were low
for the hodoscopes themselves ({30 kHz) and
for coincidences between 2 hadescopes
separated by 1C m along the beam line (<10

kHz). That the experimental environment is so
quiet even with the single beam intensity
near the design value (3E1L1) is veTYy
encouTaging.
transv stabilit

Two experiments to laok at the
transverse stapility of the beam were 1) to

artificially blow vp the beam by wusing the
tune measuring pinger (a pulsed dipole which
kicks the beam for one turn +to excite
coherent betatron gscillations) and 2) to sit
near a cluster of £ifth order rTesonances. A
flying wire scanner was used to monitor the
beam width.

Fig. 4 shows the beam intensity during
the course of these experiments during one
store. Also shown is the time when the pinger
was ysed ta dilute and enlarge the transverse
emittance; the pinger was fired every minute
during the indicated time. The FWHM of the
horizontal beam profile as measured by the
flying wire scanner is shown as points on the
same figure Note the suppressed zerao of the
ordinate scale.

During the course af the beam blow-up by
the pinger the loss rate increastes as does
the width of the beam. After the pinger is
turned off, the losses continue until the
beam width decays to its original width.
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Figure 4 Beam intensity va. time during the stera to

study transverse stability The time the pinger was
causing beam blow—up is indicated as is the time the
tuney ware movad close to the cluster of Fifth order
resonances.

A remarkable feature of this
is that it

experiment
takes almost 10 minutes far the

bsam to come to equilibrium. That the good
field aperture is so smail is perhaps an
indication of something else wrong, although

no effort has ever been expended to optimize
the correction elements for maximum good
field aperture at 400 GeV. In fact, during
this store the zero harmonic octupole citTeuit
was at the same wvalue as used for fixed
target operation, This value was set to
pravide a large tune spread for Landau
damping for stability at high intensity and
should have the effect of reducing the good
field aperture.
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Figure 5 MWorking diagram for the Tevatron showing
reschances up through tenth order. The normal worxing
point and the one near the fifth order cluster are
indicated,

After coming to equilibrium, the tunes
were changed ta bring &he working point
closer to the cluster of #ifth order
TesQoNANCES shown in figqure 5. Feor the
remainder of the study period. no growth in
beam size or increased loss rate was
observed.



The #fifth order resonances are af
particular concern in the Tevatron because
they can be driven by the decapole errors of
the dipales which are relatively larga and

were not included in th® magnet shuffliing
criteria. /red 4/ On the other hand, with
superperiodicity of 2. there are no
systematic ¢ifth order resonances in the
Tevatron.

longitudinal dijutjon

Buring the first stores an spparent beam
loess was tTaced to the rf sensitivity of the
beam intensity monitors. The loss of signal
was due to the debunching of the beam as
verifiea by signals from stripline pickups
In fact. longitudinal dilution times were
under an hour and wovld dominate the
luminosity lifetime of the Tevatron.

Some experiments and improvements
already have bheen made to the Tevatron low
level r# system. However, as shown at the
GPS, to make a sysktem with the required licw
noise level may take some extra effart

DECELERATION

Tevatron experiment specif-

toward the SSC has been ta
determine the Tevatron‘s maximum practical
operating wenergy range. This parameter is
particularly important for the determination
af the SSC injector. And, although the final
SSC design may invalve quite different
magnets, it should be educational and
hepefully comforting to compare dynamic
aperture calculations with real data,
sspecially in the more diftficuls low
excitation case.

The only
ically directed

The technique for studying the low
energy behavior of the Tevatron has been to
inject normally from the MR at 150 GeV into
the Tevatron and then decelarate the beam.
This grocegure. as opposed to simply
injecting at & lower energy. bypasses several
potential probiems with transfer line
aperture restrictions. It also eliminates
retuning the injection parameters, a time
CONsUMing praocess.

The major drawback to the deceleration
procedure is that the large hysteresis of the
superconducting magnets has to be understood.
Fig. & shows the hysteresis behavior of the
sextupole term of the dipole magnets, <b2>.
The regions of interest faor acceleration and
deceleration are indicated At injection at
150 GeV the upper and lower curves are
separated by dQs{dps/p) = 210. At 50 GeV the
separation is 780 As far as the dynamic

range of the S585C is concermed, which would
only involve one dide of any hysteresis
curve, to decelerate is to solve a harder
problem. Starting from injection on the

normal upgoing hysterssis curve, the magnets
move to the downgoing curve over some energy
interval which must be determined
empivically. And sinte there are differences
between the <b2> as measured with the beam
compared to the MTF data in the higher energy
region, one must expect even larger problems
for lower energies
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Figure &. Hysteresis behavior of <(b2> in & dipole magnet.
<bl> ve. Enargy. The arrows indicate indicate increasing
or decreasing current.

Operating the Tevatron at energies lower
than 150 GeV has interesting implications for
the rf. In normal operation the rf freguency
fraom 150 to 100C GeV changes only about 1 kH2
aut of 53 Mhz. This limited operating range
implied two simplifications to the v# system.
The first was a limited Ffrequency Trange ©of
the low level ascillator. the second was a
cavity tuning system using electric heaters
and heat eichangers in the water cogling
system to control the cavity temperature. For
deceleration to 50 GeV the rf frequancy
changes about 8 kHz and requires a
modification to the oscillator system The
heater circuits in conjunction with the
normal rf heating keep the cavities tuned
well encugh for slow deceleration.

The first deceleration attempts saw the

bheam die as the energy diminished. This was
understood as due to beam hitting +the hal¢
integer stopbands bacause of the large

chromaticity of the machine. Te correct the
chromaticity, however, one must measure the
tunes as a function of radius. To measure the
tunes correctly, the horizontal and vertical

betatron oscillations muyst be independent.
For this. the skew quad setting must be
corvect.

An empirical procedure was quickly
developed using the pinger to set the
correction elements at lower and lowsr
energies. At a particular energy the skew
quad was set to minimize the vertical

coherent oscillations induced by the
horizontal pinger. Next. the two sextupole
circuits were adjusted to give the longest
possible ring time of the ascillatiansg



induced by +the pinger. That is, the tune
spread was reduced and the coherence of the
cscillations impraved. The third step
invaived measuring the tunes using a Fourier
transform of the oscillations and setting the
correction quad circuits accardingly.

Fig. 7 shows the beam intensity and
energy for some of the deceleration cycles at
the end of the study session. The beam can be
sean to survive with no losses down to almost
&5 GeV. At that point the closed orbit needed
to be corrected., but there was no time left
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Figure 7. Bpam intensity and energy vs. time

CONCLUSIDNS

With respect ta the S5C., the Tevatron is
unique in two respects. First, it is the only
operating superconducting sychrotron. Secand.
each magnet in the ring has been measured to
high precision and the data are availadble for
computations and detailed comparisaon with
beam behavior. Any 55C design calecvlation for
single particle dynamics must surely work on
the Tevatron

The few study sessions so far have been
useful to develop technigues and procedures.
Some tentative conclusions relevant to the
SSC are possible

1) The Magnet Test Facility data an the
dipoles can be made to agree with the beam
behavior to within simple shifts of the

coordinate systams for <bi> and <p2>.
Something else may be the case for <{ald.
2) We have seen decay times as long as

10 minutes for particles with larger betatron
amplitudes. I# this effect is not due to some

myndane problem with the machine, it might
meann that an honest simulation of beam
behavior by particle tracking may involve

tens of millioms of turns.

3) Although tha stored beam lifetime
itsel# is quite long the corresponding
lyminosity lifetime would be limited by

lengitudinal dilution.
low level rf
diagnostics

The development of the
system and appropriate
are the critical path toward the
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Tevatron as a caollidar.

4) The dynamic range of the Tevatren for
main ring sized beams (about 24 pi normalized
emittance) is at least &5 GeV to at most 1000
GeV. This factor of 15 in operating/ingection
snergy will certainiy be increased with more
time devoted to machine studies

EYTURE PLANS

There is & need for methods to
phenomena during beam storage.
machine has performed unexpectedly
Automated flying wires, more
intensity and Joss monitors., and
langitudinal detectors are nesded
being built.

observa
where the
well.
senaitive
better
and are

Now that the fixed target experimental
praogram is under way, the next priority for
machine development will be ¢to prepare for
pbar~p collisions in 1785 and 19846, In March
1984 pna of the low beta intersection regions
will be ready for tests. The SSC related
quastion of betatron resonance driving terme
induced by a low beta insertion will be of
first priority.
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